abstract: The use of space by predators in relation to their prey is a poorly understood aspect of predator-prey interactions. Classic theory suggests that predators should focus their efforts on areas of abundant prey, that is, prey hotspots, whereas game-theoretical models of predator and prey movement suggest that the distribution of predators should match that of their prey's resources. If, however, prey are spatially anchored to one location and these prey have particularly strong antipredator responses that make them difficult to capture with frequent attacks, then predators may be forced to adopt alternative movement strategies to hunt behaviorally responsive prey. We examined the movement patterns of bird-eating sharp-shinned hawks (Accipiter striatus) in an attempt to shed light on hotspot use by predators. Our results suggest that these hawks do not focus on prey hotspots such as bird feeders but instead maintain much spatial and temporal unpredictability in their movements. Hawks seldom revisited the same area, and the few frequently used areas were revisited in a manner consistent with unpredictable returns, giving prey little additional information about risk.
The use of space is an important aspect of predator-prey interactions (Holt 1984; Sih 1984; Orrock et al. 2003) . Particularly for quickly moving predators with highly responsive and potentially mobile prey, movement dynamics may dictate how frequently predators come into contact with their prey and how prey assess risk. However, studies of the use of space typically focus on the movement of either predators or prey to the exclusion of the other (Fryxell et al. 2004; Luttbeg and Sih 2004) . For instance, classic optimal foraging theory (see Stephens and Krebs 1986) suggests that predators should focus their efforts on areas where prey are most abundant, that is, at prey hotspots. Although factors such as random movements cause deviations from the hotspot expectation (Ruxton and Humphries 2003) , hotspot use is still an intuitive expectation for predator hunting strategies. Such ideas, however, seldom consider the response of the prey and are generally based on prey that are behaviorally inert, such as seeds. On the other hand, behavioral models focused on prey movement and habitat selection typically envision predators as fixed in space (see Lima 2002) . As a result of these two orthogonal approaches, we are left with a limited understanding of the behavioral interplay between predator and prey across an ecological landscape.
Only recently has effort been dedicated to understanding the dynamics of space use by both predators and behaviorally responsive prey. Models that incorporate active and simultaneous patch choice by both predators and prey find that the intuitive expectation of hotspot use by predators may no longer hold (see Sih 2005) . These models predict that predator distributions should match their prey's resources while prey distributions should reflect habitat riskiness (Hugie and Dill 1994; Sih 1998 ; see also Heithaus 2001) . If, however, prey resources are fixed in space and heterogeneously distributed, then both predators and prey may match the resource (Sih 2005) , the end result being that predators focus on prey hotspots. Alternatively, if both predators and prey have several patches in which to forage, then prey might move between these patches with a degree of unpredictability in a sort of "shell game" of predator avoidance (Mitchell and Lima 2002) ; even in this situation, predators should still focus their activity on likely prey hotspots. A potential complication in most models of this dynamic interplay between predator and prey, however, is the existence of nonmovement types of antipredator defenses such as vigilance and refuge use. If prey have particularly effective (nonmovement) antipredator responses, then prey may become very difficult to capture once the predator's presence in a patch has been detected (see, e.g., Lima et al. 2003) . Assuming that the predator has access to other patches, then such antipredator behavior might favor predators that incorporate a degree of restraint and unpredictability in their use of specific prey locations (cf. Hugie 2003) . In a sense, predators may be restrained in their use of hotspots in order to reduce their effect on the antipredator behavior of their prey (see Brown et al. 1999; Lima 2002) .
Here, we describe work on a poorly studied but conceptually important predator, bird-eating Accipiter hawks, in an attempt to shed light on hotspot use by predators. Accipiter hawks are an important component of the "smallbird-in-winter" research paradigm, in which small wintering birds are seen as trading off the risk of predation from hawks against the risk of starvation during harsh environmental conditions. This research paradigm is historically important in behavioral ecology, having had a major influence on our understanding of many aspects of prey behavior, such as sociality (Bertram 1978; Pulliam and Caraco 1984) , foraging behavior (Stephens and Krebs 1986) , and behavioral trade-offs in general (Mangel and Clark 1988; Houston and McNamara 1999) . However, the small-bird-in-winter paradigm is lacking in one key respect: we know relatively little about wintering Accipiter hawks. We do have some insights into the diet and attack behavior of European sparrow hawks (A. nisus; see, e.g., Newton 1986; Cresswell 1996; Cresswell et al. 2003) , Cooper's hawks (A. cooperii; see, e.g., Roth and Lima 2003) , and sharp-shinned hawks (A. striatus; see, e.g., Roth et al. 2006 ), but we know almost nothing about the larger-scale interactions between these hawks and their prey.
We thus examined the movement patterns of wintering sharp-shinned hawks, specifically focusing on their use of prey hotspots such as bird feeders. Bird feeders are point sources of abundant, predictable prey for Accipiter hawks and in many ways represent the ultimate prey hotspot for these predators. In fact, during the winter, the most common species included in the diet of sharp-shinned hawks (house sparrows, Passer domesticus; northern cardinals, Cardinalis cardinalis; and dark-eyed juncos, Junco hyemalis; Roth et al. 2006 ) are those species most likely to visit feeders (Wilson 1994 ; T. C. Roth and S. L. Lima, unpublished data) . These feeders are exceptional foraging sites for such prey and may act as a spatial anchor (sensu Sih 2005) for a large number of birds. Accordingly, one would expect that hawks should routinely focus on areas of abundant prey such as feeders (see Dunn and Tessaglia 1994) . Our results, however, suggest that sharp-shinned hawks do not focus on feeders but instead move so as to maintain spatial and temporal unpredictability.
Methods

Study Site
Our study site was the rural area immediately to the southwest of Terre Haute, Indiana. The general landscape was a mixture of agricultural land, fragmented forests, and small residential clusters ( fig. 1 ; see also Roth et al. 2006) . Here, we studied sharp-shinned hawks during the winters of [2000] [2001] [2002] [2003] [2004] in an area of approximately 1,000 km 2 , although most of our results focus on a 100-km 2 core area. The study site contained several prey hotspots in the form of stable, long-term bird feeders that were maintained regularly throughout the winter season. We included private feeders that we discovered during our tracking activities as well as our own feeding stations, many of which were used in multiple years. Many of these feeders were typically visited by up to several hundred birds per day and attracted birds from a distance of 300 m or more (T. C. Roth and S. L. Lima, unpublished data; see also Wilson 1994) . These known feeders were certainly the largest and most important feeder hotspots in our study site, although a few lesser feeders may have been undetected.
Capture and Tracking
Hawks were tracked using radio telemetry. Hawk trapping was conducted from late November to late January in all years in accordance with Roth et al. (2005 Roth et al. ( , 2006 . Upon capture, 2.4-4.5-g transmitters (Holohil) were attached to hawks using the synsacral harness of Rappole and Tipton (1991) . All transmitters were !3% of the body mass of the hawk and were equipped with position-sensitive switches that provided information on hawk behavior (Roth et al. 2005 (Roth et al. , 2006 .
Hawks were radio tracked intensively on a daily basis from the day of capture. Tracking was done from vehicles using yagi and whip antennae beginning 0.5-1 h before sunrise and ending 0.5-1 h after sunset. The first and last hawks tracked each day were determined systematically, and each hawk was tracked for at least 2 h/day but frequently up to 10 h/day (grand mean ‫ע‬ SE p 4.6 ‫ע‬ 0.4 h/day). Full-day tracking results (12.1% of 1,130 tracking days) suggest that hawks utilize a relatively small portion of their home range during a given day. Thus, we are confident that our tracking data represent a good approximation of a hawk's daily movement, given the large scale of our analysis. We note further that during tracking, hawks were undisturbed by the presence of vehicles, which were common throughout the study site.
Hawk locations were recorded on high-resolution aerial photos for each detectable move made by the hawk and later entered into ArcView 3.2 GIS (geographic information system). The time between points was converted to a standardized time step of 10-min intervals (Turchin 1998) , resulting in a maximum of six moves within a 1-h period. Frequent visual contact with hawks minimized our tracking error. Our spatial resolution based on the calculation of tracking and mapping errors (in accordance with White and Garrott 1990) was 50 m (T. C. Roth, unpublished data).
Statistical Analyses
There are few standardized statistics available to analyze the predictability of large-scale animal movements (see also Mane et al. 2005 ). Thus, we devised two different tests, one focused on feeder use and the other on return times to feeders and other locations, to assess the predictability and patterns of hotspot use. All spatial analyses were performed in ArcView, and the results were analyzed in SYSTAT 10 (SPSS 2000). To estimate the overall area used by an individual hawk (a quantity used in subsequent analyses), we determined 95% least squares cross-validated kernel and minimum convex polygon home ranges using the animal movements extension for ArcView (Hooge and Eichenlaub 1997) . Individual hawks were treated as statistically independent units in our analysis.
To quantify the use of bird feeders by hawks, we used ArcView to create buffer areas around each feeder and determined the use of these areas relative to a (computergenerated) random reorganization of feeders in a given home range. A 300-m radius buffer centered on the feeder was used as an estimate of general feeder space; this radius includes birds at the feeder itself as well as birds moving to and from the feeder. For each hawk, we calculated the proportion of observed points that overlapped feeder buffers within the 95% kernel home range (see fig. 1 ). We then randomized the locations of those feeders within suitable habitat (agricultural fields and water excluded) in its home range and calculated the proportion of observed hawk points that overlapped these randomly chosen locations. This randomization procedure was replicated 100 times for each hawk. We then compared the observed mean to the distribution of random means using a twotailed design to estimate a P value. In addition, observed and mean randomized overlaps were compared across hawks using a Wilcoxon signed-rank test. If hawks were attracted to feeder hotspots within their home ranges, then the observed overlap of feeder buffers should be consis-tently greater than predicted, given the randomization of feeder locations. If hawks avoided feeders, then the observed overlap should be less than that predicted after the randomization of feeders.
We also examined the timing of returns to specific areas within a hawk's home range. We focused on returns to both feeders and standardized cell grids. For each hawk, we first determined the temporal pattern of visits to a given 300-m feeder buffer and then determined the time (in days) between each visit (return times). To obtain a reasonably accurate estimate of the distribution of return times, we limited our analysis to buffers that were known to be revisited at least 20 times. Using a KolmogorovSmirnov (K-S) test, we compared the observed distribution of return times (in days) to a geometric distribution with a mean equal to that of the observed distribution. The geometric distribution (Ross 2003) follows from an assumption that the daily probability of revisiting a given feeder buffer is constant and independent of the time elapsed since the last visit; such a pattern of visitation imparts no information to prey regarding return times. All expected geometric distributions have a mode of 1 day between returns and thus no central tendency. It is not necessary to have a complete record of daily movement to apply this analysis, but since we were not able to track each hawk all day every day, the observed mean return time will be somewhat greater than the true return time. We also used an autocorrelation test to detect temporal predictability in the sequence of return times, which should not be observed in a geometric random variable.
There were relatively few revisits to feeder buffers (see "Return Times"); hence, we also examined the temporal predictability of revisits to general areas throughout the home ranges of hawks. This analysis was done as described for feeder buffers, but here the analysis focused on returns to 40-ha cells superimposed over the entire study site ( fig.  1 ). This cell size was chosen to reflect the area used by typical sharp-shinned hawk prey (Roth et al. 2006 ; T. C. Roth, W. E. Vetter, and S. L. Lima, unpublished data; see also Gaddis 1980; Smith 1991) and is comparable to the area of a feeder buffer. As before, this analysis was restricted to cells with at least 20 returns. We excluded all data recorded at hawk roost sites since these locations were necessarily revisited each day. However, points that were recorded while a hawk was hunting near its roost were included in the analysis.
Results
We captured a total of 40 sharp-shinned hawks over the course of the 4-year study (see Roth et al. 2005) . Of these hawks, 21 (12 females, 9 males) provided long-term data (over 4 weeks of tracking) and were included in the analyses. Not all hawks produced data that could be used in all analyses. A few hawks could not be included in the feeder analysis as they did not have any known feeders within their home ranges. Likewise, some hawks did not revisit any 40-ha cell or 300-m feeder buffer frequently enough to be included in our return-time analysis. Thus, sample sizes vary somewhat between analyses.
The amount of space used by sharp-shinned hawks was large and variable, ranging over two orders of magnitude (95% kernel home range: mean ‫ע‬ SE p 25.33 ‫ע‬ 7.54 km 2 , k m 2 ). While sharp-shinned range p 1.19-153.08 hawks maintained relatively stable home ranges, they were not territorial, having home ranges that overlapped considerably with those of other hawks ( fig. 1 ). On average, only of a hawk's home range did not over-28.5% ‫ע‬ 6.8% lap the home range of another hawk tracked during the same winter. Surprisingly, even with this large amount of spatial overlap, we observed no obvious behavioral interactions between hawks during 5,424 tracking hours, even though several hawks roosted in the same areas and sometimes hunted in clear sight of each other.
Feeder Use
Overall, we documented 78 feeders in the main study site. Of these, 58 were known to occur for more than one winter season. Contrary to intuitive expectations, hawks in this study did not focus their activity on these feeder hotspots. Of 19 hawks that had feeders in their home ranges, the use of feeders did not differ significantly from that expected by randomly reorganizing the feeder locations (Bonferroni-corrected ; range of P values from a p 0.003 .01 to .89). As a group, hawks showed no tendency to be above or below expected random overlap ( fig. 2 ; Wilcoxon , , ). These results suggest lit-Z p Ϫ1.167 n p 19 P p .243 tle overall bias in the use or avoidance of feeder buffers by these hawks. The success rate of attacks at feeders (22 of 109, 20.2%) did not differ significantly from that away from feeders (38 of 139 attacks, 27.3%; ,
Return Times
The return times to feeder buffers suggest that they were visited with temporal unpredictability. Of 19 hawks that visited a possible 78 feeders, only eight hawks (at 11 feeders) had 20 or more returns to a feeder buffer. In all cases, the modal revisitation period was 1 day. Of these 11 feeder buffers, only two (involving different hawks) had returntime distributions that differed from the expected geometric distribution (Bonferroni-corrected ; Ka p 0. ples). Both of these hawks also had significant autocorrelations in their return sequence at a time lag of 1 day ( , , ; , , r p 0.678 n p 132 P ! .001 r p 0.756 n p 100 P ! ). Autocorrelation in returns to only one of the re-.001 maining feeder buffers was significant, although relatively small ( , , ; all other P r p 0.473 n p 119 P ! .001 values 1 ), and also occurred at a time lag of 1 day. .05
Most of the 40-ha cells in hawk home ranges were also infrequently revisited, even though home ranges were stable. Hawks, on average, had ( ) 237.5 ‫ע‬ 31.0 mean ‫ע‬ SE cells of usable (nonagricultural) habitat in their minimum convex polygon home ranges. Of these cells, 35.9% ‫ע‬ were known to be visited at least once during the 2.5% winter. Of the cells actually visited, were 60.8% ‫ע‬ 3.0% revisited only once, were revisited at least 45.1% ‫ע‬ 3.7% twice, and were revisited 10 or more times; 7.2% ‫ע‬ 2.2% only (15 overall) were revisited 20 or more 0.9% ‫ע‬ 0.3% times and thus are used in our analysis.
These frequently visited 40-ha cells were also used in a manner consistent with unpredictable return times. All return-time distributions had a mode of 1 day, and in all of the 15 possible cases, the observed distribution was not significantly different from the expectation based on the geometric distribution (Bonferroni-corrected ; a p 0.003 one P , all other P ; see fig. 3B value p .030 values 1 .498 for representative examples). In addition, only two cells showed significant autocorrelations in return times, both of which were relatively weak ( , , r p 0.45 n p 120 P ! ; , , ) and at a time lag of 1 .001 r p 0.53 n p 99 P ! .001 day.
The location of frequently visited cells varied by hawk. Five of 15 such cells included a bird feeder, while many of the others contained, or were adjacent to, hawk roosts. Such near-roost cells may be frequently visited mainly out of simple convenience. We emphasize, however, that hawks did not hunt at these near-roost locations every time they left or returned to roost. On most days, hawks quickly moved well away from their roosts before hunting.
Discussion
Sharp-shinned hawks exhibited a substantial degree of spatial and temporal unpredictability in their use of space. Our radio-tracked hawks did not strongly focus their activities on prey hotspots as represented by bird feeders. In fact, on average the hawks showed no bias in their tendency to avoid or use the area around bird feeders relative to that expected by randomly repositioning the feeders within their home ranges. In addition, most areas in a given home range were visited only a few times, and the few areas that were frequently revisited were visited in a pattern largely consistent with unpredictable return times. To our knowledge, this is the first demonstration of such a pattern in the use of space by predators.
One possible explanation for this general randomness and unpredictability is that sharp-shinned hawks lack the cognitive or spatial abilities to respond to large-scale patterns in prey hotspots. Based on our observations, however, this seems unlikely. Hawks seemed to know exactly where feeders were located. On several occasions, we observed hawks stealthily approach a visually obstructed feeder (e.g., on the opposite side of a building) only to make an attack on a feeder that happened to have no birds present; such attacks clearly suggest prior knowledge of the feeder's location. We also observed several instances of hawks going well out of their way to visit a particular feeder. In addition, after finishing a meal in the afternoon, sharp-shinned hawks generally flew straight back to their roost (T. C. Roth and S. L. Lima, unpublished data) regardless of their location. Thus, our observations suggest that hawks possess a well-developed sense of location within their home ranges.
Alternatively, hawks may be moving randomly as a strategy to find randomly moving or unpredictable prey (see, e.g., Ramos-Fernandez et al. 2004 ). Sharp-shinned hawk prey, however, do not move randomly but instead tend to focus most of their activity on a single, high-quality feeder source (T. C. Roth, W. E. Vetter, and S. L. Lima, unpublished data) . Moreover, because hawks move on a much larger spatial scale than their prey (2,500 vs. 40 ha, respectively), random-movement strategies are unlikely to be useful. Furthermore, the absence of hotspot use by sharp-shinned hawks was probably not the result of direct mutual social interference, as found by Rohner and Krebs (1998) in territorial great-horned owls (Bubo virginianus). Our wintering sharp-shinned hawks were not territorial, and we observed no apparent interactions among them, although this does not rule out the possibility of indirect interference among hawks.
A more likely possibility is that behaviorally responsive prey diminish the "hotspot" quality of feeders. While feeder hotspots are sources of abundant prey, the individuals at such feeders generally benefit from group vigilance as a result of these higher densities (Elgar 1989; Roberts 1996) . As a result, the vulnerability of the prey may actually be lower at feeders than at other locations. Some recent work suggests that sparrow hawks target more vulnerable prey groups Quinn and Cresswell 2004) . Thus, if the vulnerability of prey at feeders drops below that of prey elsewhere, then hawks might forgo hunting at feeders even though they are sources of abundant prey. Feeder hotspots may become even less valuable when multiple hawks make attacks at a given site (a form of interference competition). We note, however, that there was no significant difference in capture success between feeder and nonfeeder sites even with the considerable overlap in hawk home ranges.
We suggest that our observations of unpredictable movement reflect a sort of "prey management" by predators (Lima 2002) , whereby predators spread their hunting activity over multiple areas in an effort to avoid inflating the antipredator behavior of their prey (see also Brown et al. 1999 ). This hunting strategy may be effective when prey are anchored (sensu Sih 2005) to high-resource areas such as feeders and utilize antipredator behaviors, such as high vigilance, that reduce a predator's attack success if it attacks frequently and predictably. This situation seems possible in our system because prey at feeders generally do not move among multiple feeders (T. C. Roth, W. E. Vetter, and S. L. Lima, unpublished data), and the few instances of persistent feeder attacks that we did observe caused prey to become very vigilant and difficult to catch. Under such circumstances, and when hawks have access to several alternative hunting locations, they may benefit from limiting their visits to any particular location (e.g., not using feeders more often than expected by chance) and being unpredictable in when they return, thereby giving their prey little information about impending attacks (see also Hugie 2003) . Prey unable to predict predator movement or arrival patterns must simply assess risk at a general or baseline level for a given area. Accordingly, the idea of a constant probability of attack at a given location, an assumption made in behavioral models for mathematical convenience (see, e.g., Lima 1985; McNamara et al. 1994) , may be realistic for small wintering birds.
We did not explicitly examine and cannot comment on the mechanisms that generate this unpredictable behavior, nor do we wish to imply that hawk movements are truly random. No animal can be truly random in its behavior, and claims of randomness reflect mainly a limitation of the statistical power of the analysis (Wimsatt 1980) . We argue, however, that the movements of the hawks would likely approximate randomness from the perspective of the prey; hawks need only be unpredictable enough to limit imparting information about risk to their prey.
The idea of purposeful restraint in visiting feeders as a strategy of prey management invokes the possibility of evolutionarily unstable "prudent" predation, but this is not likely a problem in our system. Even if a "cheater" (i.e., a predictable predator that repeatedly attacks at a given area) were to occur in the system, subsequent prey capture would likely be more difficult for that cheater than for other predators. Thus, the cheater would not benefit from such activities. That is not to say that variation in behavior does not exist (see also Morales and Ellner 2002) . For example, we observed a particular female sharpshinned hawk repeatedly attack a feeder (without success) within a short time frame. Such behaviors were, however, not typical of this or other hawks.
Might other predators show the same lack of predict- Figure 3 (Continued) ability? Perhaps large mammal systems, such as an ungulate/canid system, may be good candidates for similar large-scale behavioral patterns. However, most studies of such systems do not consider the antipredator aspects of movement dynamics. An exception is recent work by Creel and colleagues (e.g., ) that explicitly considers the movement and behavior of elk in the context of wolf movement. However, given that wolves cannot possibly cover their territory as quickly as a hawk, they may only be able to manage ungulate herds on relatively small spatial and short-term temporal scales by limiting direct contact with prey herds. Other mammalian systems, such as the lion/ungulate (see, e.g., Hopcraft et al. 2005) or mustelid/rodent (see, e.g., Hanski et al. 2001 ) system, might also be worth investigating. In addition, arthropod systems, such as those involving bark beetles (see, e.g., Cronin et al. 2000) or spiders (e.g., Hoefler and Jakob 2006), might be fruitful areas for such research. In any case, studies on the large-scale movement of predators with behaviorally responsive prey promise to provide valuable insights into the dynamic nature of predator-prey interactions across ecological landscapes.
